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Torrefaction experiments were carried out on some Nigerian woody ( Albizia pedicellaris (AP), Tectona 
grandis (TK), Terminalia ivorensis (TI)) and non-woody ( Sorghum bicolour glume (SBG) and stalk (SBS)) 
biomass resources. The influence of process conditions and consequent change in the elemental config¬ 
uration of the biomass samples were observed. Biomass type played a dominant role in the solid yield 
recording 71 % for woody and 58% for non-woody samples at 270 °C, while temperature showed the great¬ 
est influence with solid yield dropping from an average of 80% (at 240 °C) to 50% (at 300 °C). Both volatile 
matter and fixed carbon contents experienced significant changes after torrefaction and a decline in O/C 
ratio from 0.6 to 0.3 was noted. Among the woody biomass, TI experienced the highest increase in higher 
heating value (HHV) of approximately 38% as compared to AP (32%) and TK (32%), and was subsequently 
selected for decomposition kinetic study. The decomposition kinetics showed that activation energy 
(E(a)) for the hemicellulose degradation stage ranged between 137 and 197 kj mol -1 for conversion (a) 
between 0.1 and 0.24 implying that biomass kinetics within this decomposition region is a multi-step 
reaction. The GC/MS analytical technique revealed that the presence of levoglucosan was highest (7.1%) 
in woody biomass, while phenolic compounds made up more than one-third of the group of compounds 
identified. 

© 2014 Elsevier B.V. All rights reserved. 


1. Introduction 

The global growing energy consumption, dwindling fossil fuel 
reserves and increasing environmental concerns relating to the use 
of petroleum products have inevitably led to an apparent quest 
for alternative and renewable energy sources. The notable ones 
include geothermal, wind, solar, biomass and wave energy; how¬ 
ever, biomass has assumed a pivotal role because it is the only one 
that is reported to be carbon neutral and possess infinite sustaina¬ 
bility potentials [1], The wide variety and abundant availability 
of biomass wastes generated in the processing of raw biomass 
resources on the one hand, and the concomitant disposal challenges 
on the other hand, are among the factors that have continued to 
motivate keen interest in the utilization of lignocellulosic biomass 
as renewable energy resource. 

Torrefaction, a thermochemical conversion process, has gained 
global attention as a viable pretreatment technology for biomass 
feedstock in gasification and co-combustion processes [2,3]. The 
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production of high quality char for domestic heating and cooking 
through the technology of torrefaction has become a subject of sci¬ 
entific research and development [4,5], Torrefied biomass resource 
could also be of practical importance in the metallurgical industry 
[6], Though similar to pyrolytic conversion process in that it is con¬ 
ducted in an inert atmosphere or in the presence of limited air, other 
process conditions such as residence time, operating temperature 
and heating rates differ significantly. Torrefaction experiments are 
conducted at low heating rates (<100 °C min -1 ), between 220 and 
300 °C and approximately 1 hr residence time resulting in the 
production of a homogenous carbon-rich char [1 ]. The characteris¬ 
tic properties of torrefied biomass are substantially influenced by 
biomass type, particle size and mostly temperature [3,7], 

Raw biomass is hydrophilic, heterogeneous in structure, and 
possesses high moisture content leading to poor combustion char¬ 
acteristics. Furthermore, the high 0 content of raw biomass has 
been implicated in smoke emission during combustion [1], It has 
been observed that prolonged exposure to smoke emissions from 
the use of raw woody biomass; as is the case in most rural areas in 
developing countries, raises some health concerns that manifest in 
eye-related and respiratory complications [8,9], Unfortunately, the 
harvest of woody biomass resources for fuelwood is still common- 
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place in Nigeria in spite of the various land degradation scenarios 
it also poses. Apparently, biomass residues have been reported to 
be enormously available in Nigeria. An estimate of 7 million m 3 
of forestry wastes is generated annually from logging and sizing 
operations, while an FAO 2010 data estimated a total of 11.37 
million tons of waste from sorghum cultivation [10,11], There¬ 
fore, upgrading of biomass residues through torrefaction has an 
immense prospect in Nigeria as it could help curb the infamous act 
of tree felling and also transform the widespread biomass wastes 
generated to valuable biofuel products. 

In the process of torrefaction, moisture and low molar mass 
organic compounds that are responsible for energy loss due to 
their endothermic behavior are liberated [12,13], The hemicellu- 
lose fraction is decomposed alongside yielding a hydrophobic and 
a relatively homogenous product [1,3], In addition, a change in the 
elemental configuration is engendered; leading to a reduction in 
both the O and H components and a significant increase in the C con¬ 
tent [ 14], Thus, the thermal and structural properties of biomass are 
enhanced making them suitable for applications such as domestic 
cooking, residential heating and co-firing options. 

One of the product yields after torrefaction is the condensed 
liquid (bio-oil) from which various chemicals and fuels can be 
extracted [15], The chemical composition of the bio-oil is of prime 
importance because information concerning what refinement pro¬ 
cess or upgrading technique might be needed can be gathered. 
Apparently, the composition of bio-oil from pyrolytic conversion 
of biomass has been investigated extensively [16-18], Since tem¬ 
perature affects the formation and concentration of the chemical 
species in the liquid portion produced during thermochemical con¬ 
version processes, it becomes imperative to investigate the makeup 
of the bio-oil from torrefaction experiments. Given that not much 
effort has been seen in this direction, one of the objectives of this 
study therefore is to subject the condensed liquid from torrefaction 
process to GC/MS instrumental analysis. 

The thermal decomposition of biomass involves a very complex 
chemical reaction that often defies a one-step kinetic scheme. It 
has been noted that multi-step mechanisms provide more accu¬ 
rate descriptions of the reaction processes that follow successive 
and parallel routes [7,19], These are frequently encountered in 
the thermal treatment of biomass. Isoconversional methods also 
referred to as model-free techniques, have been improved upon to 
handle multi-step reactions. These evaluate kinetic parameters as 
a function of degree of conversion (a). They are implemented on 
the basis of multiple thermogravimetric analysis (TGA) measure¬ 
ments and the elimination of an assumption of any reaction model. 
Flynn-Wall-Ozawa (FWO) and Starink are two foremost model- 
free techniques that are commonly used in the calculation of kinetic 
data [20,21 ] and these will be used in this study. 

The primary objective of this study was to investigate how 
varied torrefaction process conditions influence the yield distri¬ 
butions on some Nigerian hardwoods and non-woody biomass 
resources. The consequent chemical changes on the different 
biomass resources will also be monitored, while thermal decom¬ 
position kinetic studies will be performed on the hardwood, 
Terminalia ivorensis. 


2. Materials and method 

2.1. Materials 

2.1.1. Biomass source 

Biomass resources categorized into agricultural (non-woody) 
and forestry (woody) were obtained from a farm site (8°37' N, 
4°46' E) and a timber processing plant (8°27' N, 4°35' E) in the city 
of florin, Nigeria respectively in December 2012. The non-woody 


sample was Sorghum bicolour (SB, guinea corn), while the woody 
samples were tropical hardwoods namely: Albizia pedicellaris (AP), 
Tectona grandis (TK) and T. ivorensis (TI). 

2.1.2. Harvesting and handling 

The maturity period of the SB plant is six months. After harvest¬ 
ing and threshing, SB panicles and stems were air dried for about 
one month. The SB glumes (SBG) were handpicked, while the leaves 
on the SB stems were stripped off and the SB stalk (SBS) cut into 
a length of 0.305 m. Woodchips from the stem of forestry samples, 
with age between 40 and 45 years, were also produced and air dried 
for about one month. These were separately packed in polyethylene 
bags and transported to the Renewable Materials Laboratory at the 
University of Idaho. 

2.1.3. Sizing, sieving and storage 

Biomass resources described in Section 2.1.2 were milled in 
Thomas Wiley Laboratory Mill Model 4 to pass a 1 mm screen and 
then sieved into particle sizes ranges <0.25 mm, 0.25-0.5 mm and 
0.5-1.0 mm. Thereafter they were all stored in Ziploc bags and kept 
in a desiccator at room temperature. 

2.2. Methods 

2.2.1. Proximate and elemental analyses 

The method according to the British Standard BS EN15148:2009 
[22] was used for the evaluation of the content of volatile mat¬ 
ter (VM). The ash content determination was carried out in a 
muffle furnace at 580 °C in accordance with the method of ASTM 
Dll 02-84 [23 ], while the moisture content (MC) measurement was 
performed on a FIB 43-S MettlerToledo moisture analyser. The fixed 
carbon content (FCC) was calculated by difference. Elemental anal¬ 
ysis was conducted using CE 440 elemental analyser to determine 
C, H and N contents and O was calculated by difference. 

2.2.2. Heating value 

Higher heating value (HHV) of biomass samples, in triplicate, 
was determined using a Parr oxygen bomb calorimeter model 1341 
according to the ASTM D5865-04 [24], Biomass sample (1.0 g) was 
pelletized (6 mm 0) on a Carver Laboratory hydraulic press to a 
pressure of 13.8 MPa and dried prior to charging the bomb. 

2.2.3. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (Perkin Elmer TGA-7, Mas¬ 
sachusetts, USA) with N 2 purge gas (30 mLmin -1 ) was used for the 
decomposition tests. Samples (2-5 mg, <0.25 mm) were heated 
under non-isothermal conditions; temperature was held for 1 min 
at 323 K and subsequently ramped from 323 to 1173K at 5, 10 
and 20 K min -1 . Experiments were done in duplicate and good 
reproducibility was obtained, duplicate and good reproducibility 
was obtained. 

2.2.4. Gas chromatography-mass spectrometry (GC-MS) analysis 

A drop of the condensed liquid (bio-oil) (2-3 mg) released dur¬ 
ing torrefaction was placed in a 2 mL GC vial and diluted with l.OmL 
of methanol. The mixture was analyzed using a GC-MSei (FOCUS- 
ISQThermoScientific, Sanjose, CA, USA), temperature profile: 50 °C 
(lOmin) at5°Cmin _1 to290°C; GC capillary column: (ZB-l,30m, 
0.25 mm 0, Phenomenex, Torrence, CA, USA). The eluted com¬ 
pounds were identified with authentic standards, NIST 2008 library 
matching and by their mass spectra [25,26], 

2.2.5. Torrefaction 

Fig. 1 shows the laboratory scale set-up of the equipment that 
was used for torrefaction experiments. It consists of a tubular 
reactor (10 mm 0 x 305 mm, Swagelok cap fittings at both ends), 
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Fig. 1. Schematic diagram of laboratory scale set-up for torrefaction experiments. 


I elemental analyses and higher heating value of biomass resources. 


Woody 


AP TK 


Proximate analysis 3 (wt%) 

VM 92.7 95.5 

FCC b 5.61 3.8 

Elemental analysis 3 (wd5) 

C 51.7 49.6 

H 5.85 6.3 

N 0.54 0.4 

O b 42.0 43.7 

HHV (MJ/kg) 20.1 19.8 


Non-woody 

TI SBG SBS 



46.2 

5.85 


47.6 

17.9 


digital temperature controller and a Supelco model 23800 tube 
furnace (90 W). Biomass (l.OOOg) of known moisture content was 
loaded into an aluminum foil boat and placed into the reactor at 
varied residence time (15 and 30 min), operating temperature (240, 
270, 300 °C) and particle size (<0.25, 0.25-0.5, and 0.5-1.0mm). 
The operating parameters influenced the product yields which 
were determined gravimetrically using an offline method. This 
method entails measuring the initial mass (m t ) of the airtight sealed 
reactor containing the test sample prior to putting it in the heating 
furnace. After the torrefaction experiments were completed at the 
required residence time, the reactor was allowed to cool to room 
temperature, opened for volatiles to escape and the mass noted 
as ( m v ). The difference between m t and m v gave the mass of the 
volatile yield (V y ). Thereafter the char yield (C y ) remaining in the 
aluminum boat was recovered and the mass noted. The difference 
between 100 and the volatile and char yields gave the liquid yield. 
This may be expressed as 100% - V y % - C y % = L%. 

where V y , volatile yield, C y , char yield and L, liquid yield. 

3. Decomposition kinetic study 


b Calculated by difference, HHV, higher heating value. 


3.1.1. Flynn-Wall-Ozawa’s (FWO) method 

The FWO method is one of the notable model-free techniques 
commonly used for the determination of kinetic parameters [20], 
The FWO method linearizes the temperature integral in Eq. (3) 
using Doyle’s empirical approximation [27] as shown in Eq. (4). 

logp(x) =-2.315+ 0.457X (4) 


Taking logarithm of Eq. (3) and combining with Eq. (4) gives the 
FWO expression in Eq. (5). 


log P = log 


AE 

gMR 


(5) 


A plot of log fi against the inverse of absolute temperature gives 
a slope from which the activation energy can be calculated (Eq. (6)) 
[28] 

Slope = 0.457^ (6) 


3.1. Model-free technique 

Model-free techniques provide qualitative information on 
decomposition kinetics as activation energy (E) is evaluated at 
varying degrees of conversion (a). These methods presuppose that 
decomposition process progresses through a single-step reaction 
(reactant to product) at constant heating rate eliminating the need 
for an assumption of reaction mechanisms. 

The global kinetic equation for solid-state decomposition rate 
may be written as, 

^ =KT]f(a ) (1) 

where the temperature dependent function is expressed as Arrhe¬ 
nius equation: 

k(T)=Aex pl- £ / RT ) (2) 

At constant heating rate = dT/dt, combining Eqs. (1) and (2) and 
integrating gives the general single-step rate equation: 


3.1.2. Starink’s method 

Starink [29] examined two iso-conversional techniques FWO 
and Kissinger-Akhira-Sunose (KAS)) and found out that both con¬ 
form to the expression in Eq. (7). 



where for FWO s = 0, B= 0.457 and for KAS s = 2 and B=l. Starink 
optimized the values for the constants s and B and proposed that 
s = 1.8, while B= 1.0037. It was reported that Starink’s method 
was an order of magnitude more accurate than the other two 
iso-conversional methods [29]. Hence, Starink’s method can be 
expressed as Eq. (8) 

in ( 7 4)=^- i -°° 37 ^ w 

A plot of lnt/J/T 1 - 8 ) against reciprocal of absolute temperature 
gives a straight line of which the slope corresponds to -1.0037 EjR. 
The E can thus be calculated from the slope of the graph. 




(3) 


4. Results and discussion 

4.1. Biomass characterization 


where A (min -1 ) is the pre-frequency factor, R is the Boltzmann gas 
constant (8.314J mol -1 K -1 ), a is the degree of conversion, and f[a) 
is the reaction model which is a function of conversion. The term 
p(x) is referred to as the temperature integral and it has no exact 
analytical solution. The approximations proposed by FWO [20] and 
Starink [21 ] were adopted for this study. 


Table 1 shows the result of the proximate and elemental analy¬ 
ses, and the HHV for the woody and non-woody biomass resources 
under investigation. 

Table 1 shows that SBG has the highest ash content (7.54%) but 
TI has the least ash content (0.32%) and the highest FCC (17.40%). 
This is a typical trend with agricultural and forestry samples [2], 
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Fig. 2. Torrefaction product yield (%) distribution for various biomass (AP, TK, Tf„ 
SBG and SBS) 0.25-0.5 mm particle size and 30 min residence time at 240 °C, 270 "C, 
and 300 "C. 


The VM content for TI (82.3%) and SBG (78.9%) is in consonance 
with findings in literature wherein Prins et al. [2] reported that VM 
for beech and switch grass was 82.7% and 79.0% respectively. The 
data in Table 1 show that the C content for woody biomass was the 
highest. For instance, AP had 51.65%, while SBG (non-woody) had 
the least, 42.4%; this is consistent with findings from the literature 
[30], The N content for all the samples is <1%; this matches results 
from literature [2,30], This is a positive sign as there would be a 
significant reduction in the emission of oxides of N if used for energy 
generation purposes. 

4.2. Torrefaction 

Torrefaction is a thermochemical process that allows for the pro¬ 
duction of high quality char in terms of mass and energy contents. 
This study examined torrefaction temperatures between 240 and 
300 °C. 

Fig. 2 presents the product yield (%) distribution during tor- 
refaction experiments at 240,270, and 300 °C for different biomass 
samples, while Fig. 3 shows product yield (%) for TI (woody) and 
SBS (non-woody) biomass samples with respect to varied residence 
time and particle size. Fig. 2 shows that the highest average solid 
yield (»>79%) was achieved at 240 °C. A decrease in solid yield was 
observed resulting in an average of approximately 71% and 58% 
for woody (AP, TK and TI) and non-woody (SBG and SBS) biomass 
samples respectively at 270°C (Fig. 2). It may not be unconnected 
with the difference in the structural makeup of these classes of 
biomass as earlier reported by Balogun et al. [31], Bridgeman et al. 
[3] made a similar observation of variation in mass yield as a func¬ 
tion of biomass type and further alluded to the difference in cell 
wall composition as a probable explanation. Fig. 3 shows a marginal 
reduction in solid yield with rise in residence time showing a differ¬ 
ence of 4% for woody and 7% for non-woody biomass. Conversely, 
a minimal increase was seen with higher particle size showing a 
change of 3% and 6.5% for woody and non-woody biomass respec¬ 
tively. The increase in solid yield with respect to variation in particle 
size may be due to heat transfer limitation that is usually associated 
with larger particle size. At relatively smaller particle size, transfer 
of heat is facilitated as heat is quickly transmitted from the outer to 
the inner core of the particle leading to a comparatively higher mass 



diffusion that eventually results in a greater mass loss. The influ¬ 
ence of temperature was far more pronounced as the solid yield 
dropped from 80% at 240 °C to an average of 50% at 300 °C (Fig. 2); 
this is consistent with the literature [32], There was a correspond¬ 
ing increase in the volatile yields with increasing temperature. The 
yield of the volatile product was highest (r< 50%) at 300°C. Prins 
et al. [2] and Bridgeman et al. [3] reported an increase in volatile 
yields with temperature and residence time. 

4.3. Characterization of torrefied biomass 

Once biomass is subjected to a thermochemical process, like 
torrefaction, it undergoes physical and chemical changes that lead 
to some transformation in its characteristics. 

Fig. 4 shows the change in the VM content between the original 
biomass and the torrefied samples at 300 °C. There was an average 
reduction in the VM content of approximately 41% for woody and 
53% for non-woody biomass after torrefaction. Bridgeman et al. [3] 
observed a similar trend in the reduction of VM content between 
a woody and an agricultural biomass species. A characteristic fea¬ 
ture of biomass is its high content of VM. Hence, when subjected 
to thermochemical conversion technique a substantial part of it is 
released through devolatilisation [33 ] ; a situation in which volatiles 
containing varied organic species are liberated either as gaseous 
or/and liquid components. 

Fig. 5 shows the transformation that took place in the FCC after 
torrefaction between the original and torrefied biomass samples. 
Fig. 5 reveals an increase in the FCC after torrefaction experiments. 
A difference of an average of 38% is observed between the FCC for 
original and torrefied biomass. Ferro et al. [34] reported an increase 
in the FCC with temperature rise from 230 to 280 °C in torrefaction 
experiments of agricultural and forestry residues. 

Fig. 6 presents a plot of H/C against O/C ratios for original and 
torrefied biomass samples. The raw biomass samples have high O/C 
and H/C ratios; greater than 0.6 and 1.3 respectively. The implica¬ 
tion is that high volatile and liquid yields can be expected from 
the thermal treatment of lignocellulosic biomass [35], Fig. 6 shows 
that torrefaction leads to a lower O/C ratio (less than an average 
of 0.3). This trend is consistent with results from literature; Park 
et al. [14] noted that the O/C ratio for biomass sample dropped 
from 0.63 to 0.31 after torrefaction. The loss of O in the elemental 
matrix of biomass is due to the dehydration reaction on the one 
hand and the formation of CO and CO2 on the other hand [36], The 
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former is responsible for the formation of water vapour and other 
organic volatiles, which also results in the reduction of H content. 
Consequently, there is a significant rise in the C content - a trend 
attested to by Park et al. [ 14], The modification in the elemental con¬ 
figuration brought about by torrefaction makes torrefied biomass 
acquire thermal and chemical properties that makes it tend toward 
low rank coal on the van Krevelen diagram [3,37], 

Fig. 7 illustrates the variation observed in the HHV for biomass 
samples after torrefaction experiments. There is a significant 
change in the energy content of torrefied biomass as a consequence 




Atomic O/C ratio 

Fig. 6. A plot of H/C against O/C for original and torrefied (at 300 °C) biomass sa 


of the alteration in the elemental configuration earlier discussed 
(Fig. 6). HFIV varied from 19 to 20 MJ kg -1 and 16 to 17 MJ kg -1 for 
original woody and non-woody biomass, respectively. Upon tor- 
refaction, the HHV increased from 26 to 27 MJ kg -1 and from 24 to 
27 MJ kg -1 for woody and non-woody biomass, respectively. This 
trend is similar to observations made in literature [3,12], Of par¬ 
ticular interest, is TI for which a prediction of a probable highest 
increase in HHV among the woody biomass had been made [31], 
Significantly, TI experienced the highest increase in HHV of approx¬ 
imately 38% as compared to AP (32%) and TK (32%). This may be on 



n in HHV between original and torrefied (at 300 °C) biomass samples. 
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account of the fact that it had the highest lignin content, which is 
largely unaffected within the temperature range under consider¬ 
ation. More so, it has been established that the influence of lignin 
on HHV variation is more when compared with extractives in lig- 
nocellulosic biomass [38], Therefore, due to the higher HHV values 
for TI and torrefied T1 [31 ] it was selected for a thermal degradation 
kinetic study. 

4.4. GC/MS analysis of bio-oil from torrefaction experiments 

Torrefaction experiments led to the release of some organic 
liquid (bio-oil) from the various biomass resources under inves¬ 
tigation. The composition of these oils is of immense importance 
and thus, the bio-oils were analyzed by GC/MS. The results from 
GC/MS analysis is given in Table 2. 

Table 2 presents the GC/MS analysis of the bio-oil released 
from the torrefaction experiments at 300 °C. A total of 58 
compounds were detected in the analysis and more than 50% 
were identified with the exception of AP, where 38% was 
identified. The following compounds were detected in all the 
biomass samples: furfural, guaiacol, 4-methyl guaiacol, 1,4:3,6 
dianhydro-glucopyranose, di-anhydro-hexosan, 4-ethylguaiacol, 
4-vinyl-guaiacol, syringol, vanillin, trans-isoeugenol, unknown 
CgH 12 03 +C10H12O2, 6-hydroxy-hydrocoumarin, guaiacyl acetone, 
4-propenyl-syringyl, homo-syringaldehyde, syringyl acetone, hex- 
adecanoic acid and oleic acid. 

Woody biomass, TK, has the highest concentration of lev- 
oglucosan (7.1%); an intermediate product from the thermal 
deploymerisation of cellulose [10], Noticeably, TK has relatively 
low ash content (Table 1); this may have been responsible for 
the high yield of levoglucosan. The production of levoglucosan is 
significantly influenced by the presence of mineral contents in lig- 
nocellulosic biomass [10], It has been established through research 
that some metals impede the depolymerisation of cellulose and 
consequently leads to high char and low organic yields, especially 
levoglucosan in pyrolysis [39,40], Eom et al. [41] investigated the 
effect of demineralization on the pyrolytic behavior of biomass. 
He noted 2-10-fold increase in the concentration of levoglucosan 
from the demineralized biomass. Another important sugar identi¬ 
fied is 1,4:3,6 dianhydro-glucopyranose and it is formed from the 
dehydration of levoglucosan [10], 

The proportion of phenolic organic compounds identified is 
more than one-third; however, the ones with peak area >1.0% 
and present in all the five samples are guaiacol, 4-ethylguaiacol, 
syringol, 4-methyl-guaiacol and unknown C9H12O3 +C10H12O2. 
Greenhalf et al. [16] observed that among the group of compounds 
identified during fast pyrolysis of straw, perennial grasses and 
hardwoods, phenols constituted about one-third. These are from 
the deconstruction of lignin fraction and it is consistent with find¬ 
ings from literature [10,17], 


4.5. Decomposition kinetics 


TI was selected for a thermal degradation kinetic study based on 
having the highest HHV values after torrefaction, low ash content 
and high fixed carbon content of the biomass types studied. The 
results of the TGA measurements were normalized according to 
the following expression: 


(9) 


where a is conversion ratio, M 0 is initial mass, is final 
residual mass and M is the mass measured by TGA. The 
thermal decomposition behavior of TI at varied heating rates 
(5-20 Kmin -1 ) is represented by the a and DTG thermograms are 
shown in Fig. 8. The a curves were obtained by the application 



Temperature (K) 


Fig. 8. Conversion ratio (a) and DTG thermograms for TI at heating rates of 5,10, 
20 Kmin- 1 . 


of Eq. (9). The thermal profiles for biomass decomposition were 
essentially the same for different heating rates except for successive 
shifts in the DTG peaks toward higher temperature. For instance, 
the temperature at maximum DTG peak for 5 Kmin -1 ,10Kmin -1 
and 20 Kmin -1 were 592 K, 600K and 617K respectively. This may 
be due to the fact that rapid heating rate leads to an increase in 
the temperature gradient between the outer and the inner layer 
of the test sample. Damartzis et al. [20] and Dash et al. [42] noted 
that peak temperatures were shifted to higher temperature values 
with increasing heating rate. Similarly, the a curves moved in the 
direction of higher temperatures with rising heating rates. 

On the DTG thermograms, three stages of decomposition can 
be distinguished; below 378 K, dehydration reaction and loss of 
low molar mass organics are observed [43], Secondly, the main 
devolatilisation stage (513-657 K) characterized by complex suc¬ 
cessive and overlapping reactions is seen around the primary 
peaks; wherein hemicellulose, cellulose and part of lignin are 
largely degraded. The last stage, seen around the secondary peaks, 
is suggestive of lignin decomposition since lignin degrades over 
a broader spectrum of temperature (473-773 K) [44], It is also 
noteworthy that a further thermal cracking of some resultant 
organic compounds, whose formation may have been precipitated 
in the preceding reactions, could also be responsible. Fisher et al. 
[45] made reference to the existence of a “secondary thermol¬ 
ysis” at temperature above 673 K. Biagini et al. [46] in offering 
an explanation for the weight loss events that succeed primary 
devolatilisation also alluded to the degradation of chemical species 
that may have been formed during the preceding thermal devolatil- 
isation. 

Fig. 9 shows the variation of E(a ) as a function of a as deter¬ 
mined by FWO and Starink iso-conversional methods; showing 
data points for a from 0.02 to 0.98 at intervals of 0.02 for TI. An 
excellent agreement between the two model-free techniques is 
observed with the difference between them less than 10%. This 
attests to the validity and reliability of the methods employed for 
the kinetic parameter determination and this is consistent with 
results from literature [19,20], 
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Table 2 

GC/MS detectable compounds in bio-oil from torrefaction experiments at 300 °G 


RT (min) M + (m/z) Compound 


AP TI< TI SBC SBS 

Peak area (%) 


4.82 96 

5.27 98 

5.64 116 

6.76 110 

6.84 104 

7.02 98 

8.12 100 

8.15 110 

8.24 110 

8.68 94 

9.06 114 

9.24 114 

9.37 114 

9.93 112 

10.29 110 

10.76 108 + 126 

11.19 102 

11.32 108 

11.74 124 

11.99 124 

12.36 126 

12.56 126 

13.46 134 

13.67 128 

13.99 122 

14.49 130 

14.67 138 

15.17 144 

15.46 144 

15.67 144 

16.24 132 

16.59 140 

17.02 152 

17.98 150 

18.99 154 

19.11 164 

19.35 164 

19.35 166 

20.32 152 

20.42 164 

21.44 168 + 164 

21.76 166 

22.33 162 

23.15 164 

23.31 182 

23.46 180 

24.24 180 

24.66 180 

24.80 194 

25.11 194 

25.25 196 

29.88 210 

32.45 256 

35.68 284 

41.40 272 

47.40 

Total unknown 


Furfural alcohol 
1 -Acetyloxy-2-propanone 
1 -(2-Furanyl )-ethanone 

4- Hydroxy-butanoic acid 

1.2- Cyclopentanedione 

2.3- Pentanedione 

5- Methyl 2-furaldehyde 
1 -Acetyloxy-2-butanone 
Phenol 

2.2- Diethyl-3-methyl-oxazolidine (tentatively) 
2-Methyl-pentenoic acid 

2- Methyl-hexen-3-ol 

3- Methyl-, -2-cyclopentanedione- 

2.3- Dimethyl-2-cyclopenten-l -one 

Methyl phenol+ 2-ethyl-2-hydroxy-2-cyclopen-l-one 
Tetrahydro-furfuryl alcohol 

4- Methyl-phenol 

Unknown + 5-methyl-4-hepten-3-one 
Methoxy-phenol 

3-Hydroxy-2-methyl-4H-pyran-4-one 

3- Ethyl-2-hydroxy-2-cyclopenten-l-one 
Eugenol 

6- Ethyltetrahydro-2H-pyran-2-one 

4- Ethyl-phenol 
Anhydro-pentose 
4-Methyl-guaiacol 

1,4:3,6 Dianhydro-glucopyranose 
Di-anhydro-hexosan 
Di-anhydro-hexosan 
3-Hydroxy-3-methylpentanoic acid 

3- Methoxy-l ,2-benzenediol,- 

4- Ethylguaiacol 
4-Vinyl-guaiacol 
Syringol 
Eugenol 
Cis-isoeugenol 
4-Propyl-guaiacol 
Vanillin 

Trans-isoeugenol 

C9 FI, 2 0 3 +C10H12O2 + unknowns 

Propyl-guaiacol 

Levoglucosan 

6-Hydroxy-hydrocoumarin 

Ethyl-syringyl 

Vinyl-syringyl 

Propioguaiacone 

ct-Oxy-propioguaiaacone 

4-Propenyl-syringyl 

Homo-syringaldehyde or propylsyringyl 

Syringyl acetone 

Propiosyringone 

Hexadecanoic acid 

Oleic acid 

p-Anisoin 

Terpene + unknown 


RT, retention time; M\ molecular ion. 


Generally, the complex nature of E dependence on the degree 
of conversion is demonstrated as E[a ) varies continuously with or, 
rising steadily from around 197 to 363 kj mol -1 at 0.1 and 0.52 
respectively (Fig. 9). At this first peak (363 kj mol -1 ), the summative 
input of the three fractions; though in different intensity, is highly 
suspected. The E(a ) subsequently deeps rapidly to 164kJ mol -1 at 
0.68 and emerges with a second peak at 0.9 (303 kj mol -1 ). This 
last peak corresponds to the energy barrier that must be over¬ 
come in the final degradation stage of the residual lignin [19], In 
summary, this illustrates a typical complex decomposition process 


often characterized by successive, multiple and parallel reaction 
routes. The respective decomposition stages of biomass fractions 
have been identified alongside their range of E(a). Subsequent dis¬ 
cussion places emphasis on the hemicellulose degradation stage as 
this is the region associated with torrefaction. 

Fig. 9 shows that hemicellulose degradation stage experienced 
the least range of activation energy (137-197 kjmol -1 ). The rel¬ 
atively high reactivity of hemicellulose apparently engenders low 
activation energy and this is most certainly due to its lack of crys¬ 
tallinity, which is occasioned by its numerous branched polymers 
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Pre-frequency and correlation factors for conversioi 


lg FWO method. 


R 2 /1(a) (min- 1 )a_R 2 /1(a) (min- 1 ) 


0.02 0.995 

0.04 0.999 

0.06 0.776 

0.08 0.810 

0.1 0.975 

0.12 0.997 

0.14 0.999 

0.16 1.000 

0.18 0.999 

0.2 0.999 

0.22 0.999 

0.24 0.999 

0.26 0.998 

0.28 0.996 

0.3 0.993 

0.32 0.991 

0.34 0.988 

0.36 0.987 

0.38 0.985 

0.4 0.981 


2.257 xlO 15 

4.886 x10 s 
2.992 xlO 4 
5.459 xlO 12 
3.980 xlO 14 
1.271 x 10 15 

1.431 x 10 15 
4.516 xlO 15 
1.396 xlO 16 
4.291 xlO 16 
1.307 xlO 17 

1.432 xlO 17 
5.582 xlO 16 
2.166 xlO 16 
8.283 xlO 15 
3.175 xlO 15 
3.423 xlO 15 
1.281 x 10 15 
3.855 xlO 15 


0.42 0.980 

0.44 0.975 

0.46 0.970 

0.48 0.973 

0.5 0.992 

0.52 0.994 

0.54 0.992 

0.56 0.999 

0.58 0.999 

0.6 1.000 

0.62 0.999 

0.64 0.999 

0.66 0.999 

0.68 0.998 

0.7 0.999 

0.72 0.999 

0.74 0.999 

0.76 0.999 

0.78 0.999 

0.8 0.999 


1.153 xlO 16 
3.354 xlO 16 
2.151 xlO 18 
7.985 x 10 21 
7.466 x 10 25 
7.136 xlO 25 
1.489 x 10 24 
7.430 xlO 18 
1.651 x 10 16 
7.905 xlO 14 
3.703 xlO 13 
1.414 xlO 13 
5.261 x 10 12 
6.874x10” 
2.051 x 10 12 
2.138 xlO 12 
2.224 xlO 12 
2.317 xlO 12 
7.008 xlO 12 
1.650 xlO 14 


R 2 


0.992 

0.977 

0.945 

0.857 

0.911 

0.980 

0.997 

0.999 


4(a) (min- 1 ) 
3.7803 x 10 15 
2.4668 x 10 17 
5.6585 xlO 18 
1.304 xlO 20 
1.0722 xlO 21 
4.2448 x 10 2 ° 
1.0146 xlO 18 
1.9383 xlO 16 
3.8018 x 10 14 


[19], An increase in E(a ) is observed as conversion progresses from 
0.1 to 0.24, with a difference of 60 kj mol -1 between the least and 
the highest value of E(a). Peterson et al. [47] and Valor et al. [48] 
in offering an explanation for this trend noted that degradation by 
random scissions of lineal chain which leads to increase in acti¬ 
vation energy may have been responsible. The activation energy 
reaches a peak toward the end of the hemicellulose decomposition 
and drops gradually into the adjoining stage. This behavior may 
be as a result of the cross-linking effect associated with hemicel¬ 
lulose and other polymeric constituents yet to be degraded [33], 
The value of E(a ) obtained for hemicellulose decomposition is sim¬ 
ilar to findings by Lopez-Velazquez et al. [19] and Wang et al. [49], 
The variation in E(a) with conversion reinforces the fact that the 
decomposition of lignocellulosic biomass follows a complex multi¬ 
ple and competitive reaction paths. Thus, biomass kinetics within 
the hemicellulose decomposition region can be interpreted as a 
multi-step mechanism. Prins et al. [7] came to a similar conclusion 



Fig. 9. Activation energy, E(a), as function of the degree of conversion, a, determined 
from FWO and Starink methods for TL 


in which they stated that torrefaction kinetics can best be described 
by a two-step mechanism. 

Table 3 shows the pre-frequency factor (A), the correlation fac¬ 
tor R 2 for each slope and conversion ratio. The inconsistency and 
low correlation seen at a below 0.1 may be due to the fact that the 
decomposition model adopted for kinetic parameter determination 
does not accurately capture the physical reaction (dehydration) 
that is predominant at this stage of decomposition. Chen et al. 
[50]observed that the early stage of biomass decomposition is 
a physical reaction; therefore, kinetic models based on chemical 
reactions are inadequate for kinetic analysis in this stage. The next 
stage is the hemicellulose degradation region and a high value off? 2 
(0.9750-0.9986) between an a of 0.1 and 0.24 was observed. This 
is an indication that there was a strong correlation for the most 
part within the decomposition region. This implies that the kinetic 
data that would be obtained from this data points are reliable. The 
A(a) varies with conversion having the least value and the highest 
values as 2.99 x 10 4 and 7.46 x 10 25 min -1 at an a of 0.08 and 0.5, 
respectively. 

5. Conclusion 

Biomass type played a significant role in solid yield leading to an 
average of 71% and 58% yield for woody and non-woody samples 
respectively at 270 °C. The influence of temperature on solid yield 
was the most pronounced with a decrease from an average of 80% 
(at 240 °C) to 50% (at 300 °C) regardless of residence time or particle 
size. A nominal influence on solid yield with respect to residence 
time and particle sizes were observed yielding a reduction of about 
3.5% and an increase of about 4.6% respectively. 

A decline of about 41% and 53% in the content of volatile mat¬ 
ter for woody and non-woody biomass respectively was seen after 
torrefaction. There was also a phenomenal rise in the fixed carbon 
contents (an average of 38% difference) for torrefied biomass. The 
change in the elemental matrix of torrefied biomass was evident 
with O/C ratio dropping from 0.6 to 0.3. Thus, torrefied biomass 
acquired thermal and chemical properties that made it tend more 
toward low rank coal on the van Krevelen diagram. Conclusively, 
TI, among the woody biomass experienced the highest increase in 
HHV of approximately 38% as compared with AP (32%) and TK (32%). 

Levoglucosan, a product of cellulose depolymerization, had the 
highest concentration (7.1%) in woody biomass, while phenolic 
compounds made up more than one-third of the group of com¬ 
pounds identified. 






















































